Hypocotyl collapse in dark-grown seedlings of Phaseolus vulgaris cv. Pinto was due to calcium deficiency. There was no evidence of an associated pathogen. The number of seedlings with hypocotyl collapse decreased and the mean hypocotyl length increased when increasing levels of calcium (0-100 micrograms per gram) were supplied in an external nutrient solution to seedlings grown under sterile conditions.
When Phaseolus vulgaris L. cv. Pinto was grown in the dark at a constant temperature of 25 C in vermiculite moistened with distilled water, some seedlings developed necrosis of the hypocotyl and failed to emerge, whereas others developed a grey translucency of the hypocotyl soon after emergence and subsequently collapsed. The nature of the symptoms suggested that they could be due to damping off, a widespread pre-and postemergence seedling disease which is incited by several fungal organisms (8, 16) . It also was possible that the disease was due to a bacterial pathogen. However, data in this paper will show that the symptoms were caused by calcium deficiency.
Several reports show that incidence of seedlings with symptoms resembling damping off can be reduced by treatment of soil or seed with calcium. Albrecht despite sterilization of media and surface sterization of seeds. They postulated that a physicochemical condition of the soil might be responsible. Their data showed that calcium was an important factor in control of the disease, but did not exclude the possibility that a pathogen was implicated. Later, Angell (2) reported that liming of soil reduced the occurrence of a physiogenic disease of poppy seedlings which resembled seedling blight-a general term used to describe symptoms of plant disease which may include sudden wilting (8) . More recently, Clark and Kline (6), Williams (17) , and Williams et al. (18) described and illustrated a disease of bean seedlings which appeared in seed germination tests and also in field tests. For some varieties of bean the incidence of the disease was reduced by treatment with calcium. The possibility that a pathogen was implicated in disease development was not excluded and the cause of the disorder was not identified. A comparison of the data of Williams et al. with those in the present paper suggest that it was due to calcium deficiency.
Dark-grown bean seedlings are used in many physiological and biochemical experiments, and it was unexpected that they should be affected by a nutritional deficiency. Generally, it is assumed that the cotyledons provide adequate nutrients to support growth for a number of days. Burstrbm (4) stated, for example, that hypocotyls employed in routine growth tests are amply supplied with calcium from their seed.
Although wilting of petioles, peduncles, and stems is associated with calcium deficiency in some plants (9) , the author is unaware of a previous report which shows that wilting of hypocotyls can result from calcium deficiency. This paper describes experiments designed to identify the cause of the hypocotyl collapse symptom in Pinto bean seedlings and to learn if it occurs in other legumes grown under comparable conditions.
MATERIALS AND METHODS
Except when otherwise stated, seed of Phaseolus vulgaris L. cv. Pinto was used. This was obtained from the Haney Seed Company, Twin Falls, Idaho.
Growth of Seedlings under Nonsterile Conditions. Seedlings were grown singly in 7-cm pots using vermiculite, perlite, or cotton wool as support. The pots were watered with demineralized water or with nutrient solution. Before sowing, the seeds were sterilized for 5 min in 0.1 % HgCl, and then rinsed in three or four changes of demineralized water. The pots were kept in the dark at 25 C. Seven days after sowing, the seedlings were rated for disease incidence and the lengths of the hypocotyls were measured. Except when otherwise stated, 10 seeds were sown for each treatment in each experiment.
Growth of Seedlings under Sterile Conditions. Each seedling was grown separately in a glass tube of dimensions 1 X 6 inches, fitted with a cotton wool stopper. At the base of each tube was a piece of cotton wool weighing approximately 0.45 g. This was moistened with 5 ml of distilled water or nutrient solution. Above this was a disc of filter paper of 1-inch diameter. Determinations of calcium showed that, under the conditions of the experiment, the autoclaved cotton wool (together with the filter paper disc) could release 0.055 tug/g calcium into 5 ml of distilled water. The stated levels of calcium in the experiments to be described are exclusive of the base level of calcium in the tubes due to the presence of cotton wool.
The seed was sterilized for 5 min in 0.1% HgCl,, rinsed in three or four lots of sterile distilled water, and then placed in the autoclaved tubes between the cotton wool and the paper discs. The tubes were kept in the dark at 25 C for 7 days, when the seedlings were examined for disease incidence and the lengths of the hypocotyls were measured. In all experiments there were 12 replicates for each treatment. (Fig. 1 ).
The occurrence of a high incidence of the disease in some lots of vermiculite, but not in others (0-100%), suggested that a pathogen might be present in vermiculite from some sources. Experimental evidence was not in agreement with this possibility. Disease development in "poor" vermiculite occurred whether or not it was autoclaved or fumigated with bromine gas and whether or not the seed was treated with a seed protectant, surface sterilized with HgCl,, or fumigated with bromine gas. The results suggested that if a pathogen was responsible for the disease, it was not inactivated by sterilization of the vermiculite or by standard methods of surface sterilization or fumigation of the seed. However, it was possible that the disease was due to a pathogen borne within the seed and therefore unaffected by surface sterilization. Such pathogens can be affected markedly by the physiological status of the host, which in turn can be influenced by nutrition (12) .
Microscopic examination of diseased hypocotyls gave no evidence of fungal infection. No or few bacteria were detected by phase contrast microscopy in exudate from vascular bundles of diseased hypocotyls. However, bacteria were readily seen in association with collapsed tissue. Isolates of these bacteria were identified as Pseudomonas testosteroni (Marcus and Talalay). This bacterium was isolated previously from soil (14) . Infectivity tests provided no evidence that it was the causal agent of the present disease.
Attempts were made to isolate an organism from the hypocotyls of 7-day-old seedlings grown in tubes under sterile conditions. Tissue pieces from diseased and adjacent areas were teased into tris buffer, pH 7.2. After 2 hr, droplets of this buffer as well as tissue pieces were placed on nutrient agar or on a modified White's medium in agar. Incubation was at 30 C. The plates remained sterile.
From these experiments no evidence was obtained that the disease was due to a fungus or a bacterium.
Nutrition in Relation to Disease Development. Tests with leachates from a vermiculite in which plants grew well reduced the detectable disease incidence among seedlings grown in "poor" vermiculite. A possible explanation was that some lots of vermiculite lacked certain nutrients essential for vigorous seedling growth. If this were correct, one could expect that the disease would develop in seedlings grown on substrates with little or no available nutrients. In the following test the incidence of hypocotyl collapse was compared in seedlings grown on cotton wool, in perlite, and in "good" vermiculite watered with demineralized water or with complete nutrient. 
These data, together with the failure of attempts to isolate a pathogen from seedlings grown under sterile conditions, suggested that the disease could be due to a nutritional deficiency.
Calcium Deficiency in Relation to Disease Development. Since wilting of petioles, peduncles, and stems sometimes is associated with calcium deficiency symptoms (9), it was considered that the bean seedling disease could be due to a deficiency of calcium. A visual comparison of arc emission spectrograms showed that the level of calcium in a vermiculite which supported normal seedling growth was about 0.2%, whereas that of two vermiculites in which all seedlings developed hypocotyl collapse symptoms was about 0.03 and 0.09%.
Seedlings were grown under sterile conditions either in halfstrength nutrient or half-strength nutrient minus calcium. In each of several tests, all seedlings grown in the calcium-deficient nutrient developed hypocotyl collapse symptoms, whereas none developed these symptoms in the half-strength nutrient. Symptoms of plants grown in the calcium-deficient solution (Fig. 2) closely resembled those of plants grown in "poor" vermiculite ( Fig. 1) . Hypocotyls of seedlings developed a grey translucency and soon collapsed. The translucency often was confined to the hook region which sometimes developed shows that collapsed hypocotyls developed from seed sown on cotton wool and on perlite, only when these were watered with demineralized water, and that disease development was associated with reduced growth of hypocotyls. Hypocotyl col- exudate on its surface. Sometimes an enlarged collar region developed on the hypocotyl between the cotyledons and the collapsed region; occasionally, brown flecks developed on the hypocotyl. Transverse sections made in the collapsed region showed that the walls of the xylem vessels were normal in form but brown in color and that both the cortex and the pith cells had collapsed. Roots were stunted and usually brown.
Disease development under sterile conditions was examined in relation to level of calcium supplied. Disease incidence decreased and hypocotyl length increased with increase in concentration of calcium in the external solution (0-100 .tg/g) (Fig. 3) Seedlings were grown under sterile conditions in half-strength nutrient minus calcium. 2 Mean level of calcium per seed (C-dry weight measured for six seeds of each seed lot).
I Twenty four seedlings were examined for each treatment (two experiments). Three, one, and two seedlings in lots A, B, and C, respectively, were abnormal, but did not show symptoms of hypocotyl collapse; in lot D, one plant was normal. Potassium, Magnesium, Sulfur, and Nitrogen Deficiencies in Relation to Symptoms. Tests were made to learn if hypocotyl collapse and reduction in hypocotyl length were specific for calcium deficiency or whether they could be produced by withholding major elements other than calcium from the halfstrength nutrient solution. For the nutrient solution with calcium at 100 jug/g, the withholding of potassium, magnesium, sulfur, nitrogen, or phosphorus caused little or no effect on the lengths of hypocotyls as compared with withholding of calcium (cf. Table III and Fig. 3) . However, some treatments (in particular those supplied with nutrient minus magnesium or nitrogen), produced a few seedlings which developed hypocotyl collapse symptoms. Since the level of calcium in the nutrient solution was close to the minimum required for growth of normal seedlings (Fig. 3) , this development of symptoms could have been due to reduced uptake or utilization of calcium in the absence of the deficient element. This possibility was tested in two further experiments in which the level of calcium was raised to 200 ,ug/g while the levels of other elements remained as in the previous experiments. Under these conditions, only one plant developed symptoms of hypocotyl collapse (Table III) . The data are in accord with the concept that, when the level of calcium is marginal for normal growth, the withholding of certain elements, e.g., magnesium or nitrogen from a nutrient solution can induce calcium deficiency (Table IV) Table III , and also to the leaching of essential nutrients from the seedlings into the demineralized water (15) .
The percentage of calcium in seed of cutivars of Phaseolus vulgaris (Table V) was within the range of that for seed of field bean (Phaseolus vulgaris L.) cited by Beeson (3) . Also, in agreement with his data, levels of calcium were lower than those of magnesium and potassium. For plants grown in nutrient minus calcium, except in respect to Soja max, there was no clear correlation between low incidence of hypocotyl (9) .
Relatively little is known about the role of calcium in shoot growth, but as in root growth, it is thought to cause "stabilization of the wall during the second phase of the cell elongation involving a deposition of new wall material" (5) . Studies on the shoot apex of barley (1 1) indicated that calcium is essential for the maintenance of structural integrity of cll membranes. The author suggested that the effects of calcium on the cell wall were secondary to these changes. In the present experiments calcium supplied in the external medium maintained hypocotyl cell wall structure and promoted elongation of hypocotyls. It promoted elongation of the epicotyl of Vicia faba but not that of Pisum sativum. The latter finding agrees with earlier work of Burstrom (5) , who found that, whereas the first internode of pea seedlings grown in a nutrient solution deficient in calcium was normal, the second internode was retarded.
The minimal external level of calcium required for normal hypocotyl growth closely approached 100 ytg/g (Fig. 3) . A lower level of calcium may have been adequate in a nutrient solution containing all essential ions at a lower balanced level (10) .
The present data suggest that the supply of calcium in the cotyledons is either too small or insufficiently available to support the rapid growth of the hypocotyl. The second alternative seems more likely, since an increase in total calcium content in the seed with increase in seed weight up to 0.45 g neither reduced the incidence of the hypocotyl collapse symptom nor increased the lengths of hypocotyls (Table II) . This apparently (9, 13) .
